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Most Li-02 batteries suffer from sluggish kinetics during oxygen evolution reactions (OERs). To overcome 
this drawback, we take the lesson from other catalysis researches that showed improved catalytic activities by 
employing metal alloy catalysts. Such research effort has led us to find PtsCo nanoparticles as an effective 
OER catalyst in Li-02 batteries. The superior catalytic activity was reflected in the substantially decreased 
overpotentials and improved cycling/rate performance compared to those of other catalysts. Density 
functional theory calculations suggested that the low OER overpotentials are associated with the reduced 
adsorption strength of Li02 on the outermost Pt catalytic sites. Also, the alloy catalyst generates amorphous 
Li202 conformally coated around the catalyst and thus facilitates easier decomposition and higher 
reversibility. This investigation conveys an important message that understanding elementary reactions and 
surface charge engineering of air-catalysts are one of the most effective approaches in resolving the chronic 
sluggish charging kinetics in Li-02 batteries. 

Li-ion batteries (LIBs) have penetrated deeply into our everyday lives. They are power sources of various 
mobile electronics and have also begun to support future green transportation. However, the current LIBs 
rely on the intercalation mechanism for reversible reactions of Li ions with active materials on both cathode 
and anode sides, so their practical energy densities are usually limited below 250 Wh kg"' This limitation 
imposes a significant hurdle for future LIB applications, especially aU-electric vehicles (EVs) that require the 
battery energy density substantially larger than the current values. The energy density of the EV battery is directly 
related to driving distance per each charge, and its driving mileage will be inevitably assessed in comparison 
against those of today's combustion engine-based counterparts: —550 km per each refuel' ^\ 

With such increasing demand for the high energy density LIBs, recently, significant research effort has been 
invested to battery systems based on new chemistry, such as Li-02' ^ snd Li-S batteries'*"'. In particular, Li-02 
batteries have received a great deal of attention because they can afford to deliver 3 — 5 times higher energy 
densities than those of the conventional LIBs by employing gas-phase oxygen as an active material on the cathode 
gjjgi,3,8,'j fjowever, Li-02 batteries are still under their infancy stage, as they need to address various fundamental 
issues before their practical application: short cycle life (about 100 cycles), low round trip efficiency, and poor rate 
capability'"'''. All of these issues are indeed linked to each other and are originated largely from irreversible 
characteristic of the reaction at the air cathode. In the cathode reaction, 2Li* + O2 + 2e" Li202, the reverse 
oxygen evolution reaction (OER) is required to overcome higher energetic barrier than that of the forward oxygen 
reduction reaction (ORR), leading to more sluggish OER kinetics (or larger OER overpotentials) and subse- 
quently poor round trip efficiency* '^ '^"". Hence, the overpotential during the charging process is an indicator of 
the OER efficiency and minimization of its value can be a meaningful research direction. 

In an effort to improve the sluggish OER kinetics, so far various catalysts including metal oxides (cx-Mn02, 
MnOz, C03O4, RUO2, etc.)'"-", noble metals (Pt, Au, Ru, pdY"-'"-^^-^*, and their aUoys (PtNi, PtCo, PtAu, etc.)" " 
have been interrogated. However, in the initial period of the catalysis investigation, the overall cathode reaction 
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was not fully clarified. The series of successive research revealed that 
beside the aforementioned reaction involving Li202, other side reac- 
tions could take place simultaneously. In particular, the most com- 
monly used carbonate-based electrolytes are vulnerable to 
superoxide attack and, as a result, generate highly irreversible 
Li2C03 and other parasitic products (C3H8(OC02Li)2, HC02Li, 
and CH3C02Li, etc.)^". Such poorly defined systems resulted in 
improper interpretation on the roles of the given catalysts and have 
driven the community to revisit the problem by developing the cells 
in which Li202 is mainly produced as a discharge product at least in 
the beginning of cycles. For example, McCloskey et al. tested 
a-Mn02, Au, and Pt catalysts in the electrolyte containing dimethy- 
lether (DME) because the DME-based cells had been found to gen- 
erate Li202 exclusively as a discharge product. However, their 
measurements were conducted only under the limited capacity con- 
dition (—110 mAh g^'carbon) ^nd therefore buried distinctive cata- 
lytic effects^^'^'. Harding et al. also demonstrated improved 
performance by engaging Pt, Au, and Ru in the DME electrolyte as 
compared with that of the bare carbon electrode^^. However, the 
underlying mechanism on the improved performance was not cla- 
rified, and the overall performance left a significant room to be 
improved perhaps due to the use of the commercially available such 
catalysts yet to be further optimized. 

While seeing the sluggish OER kinetics as an origin of the unsat- 
isfactory electrochemical properties in Li-02 batteries, we have also 
noted that surface charge modulation has been the most general 
approach in improving the activities of the catalysts in various other 
conventional systems. In particular, inspired by the improved cata- 
lytic activities of alloyed metal catalysts in fuel cells with similar 
triple-phase interfaces, we have paid attention to the alloying effects 
of metal catalysts. Moreover, a recent theoretical investigation sug- 
gested the feasibility of low charging overpotentials when certain 
sites on the given Li202 facets are involved as main reaction spots, 
indicating that effective catalysts can reduce charging overpotentials 
substantially^". As a result of such an effort, we found that highly 
dispersed Pt3Co alloy nanoparticles (NPs) as small as ~3 nm can be 
a very effective OER catalyst in Li-02 batteries with the ether-based 
electrolyte. Remarkably, the Pt3Co NPs catalyst exhibited unprece- 
dentedly low charging overpotentials as compared to those of any 
other catalysts to date investigated at the same current densi- 
^jggi2.i5,i9,2o.23,24,3i32^ rcsultlng in excellent rate performance and cycle 
life. Moreover, density functional theory (DFT) calculations sug- 
gested that the reduced adsorption strength of intermediate reaction 
product (Li02) may play a critical role for the significantly improved 
charging kinetics of Pt3Co NPs, and the neighboring Co atoms con- 
tribute to such improvement via surface charge modulation of the 
outer Pt atoms. 

Results 

Synthesis and characterization of PtjCo NPs. The Pt3Co NPs with 
3 — 5 nm in sizes were synthesized through a well-established hydro- 
thermal process engaging hexadecyltrimethylammonium bromide 
(CTAB) as a capping agent. In actual experiment, Ketjen black 
(KB) particles with diameters around 50 nm were first func- 
tionalized with CTAB, and Pt3Co NPs were then grown on the KB 
surfaces by simultaneously adding two precursor solutions (K2PtCl4 
and Co(N03)2'6H20 both in DI water) with designated concentra- 
tions. Detailed synthetic procedures are described in the Methods 
section. Transmission electron microscopy (TEM) characterization 
(Figures 1 a and b) showed that Pt3Co NPs were well-dispersed on the 
KB particles utilizing the steric repulsion of CTAB tails (Supple- 
mentary Fig. SI for the case without a CTAB treatment)^''^"*. A fast 
Fourier transformed (FFT) pattern obtained for two Pt3Co NPs 
(Figure lb inset) exhibited the spots corresponding to the (1-11), 
(200), and (11-1) planes of Pt3Co under the face-centered cubic 
(fee) crystal structure, thus confirming the valid crystal structure of 




Figure 1 | Characterization of catalytic Pt3Co NPs supported on the KB 
carbon. TEM images of the highly dispersed PtsCo NPs at (a) low and (b) 
high magnifications, (b, inset) FFT patterns obtained from the white box in 
(b). (c) An STEM image of the same sample (top left) alongside EDAX 
elemental mappings with regard to carbon, platinum, and cobalt. 

the synthesized NPs'^. Also, the scanning transmission electron 
microscopy (STEM) image of the Pt3Co/KB composite and its 
corresponding energy-dispersive X-ray spectroscopy (EDAX) 
elemental mapping (Figure Ic) verify the uniformly distributed 
Pt3Co NPs. In addifion, while the X-ray diffraction (XRD) 
spectrum (Supplementary Fig. S2) of Pt3Co/KB reconfirmed the 
given crystal structure, it was observed that the peak locations of 
Pt3Co/KB were shifted to the larger 29 values by —0.7° compared 
to those of Pt/KB, indicating the decreased lattice distances of Pt3Co 
upon Co incorporation. For example, for the (111) lattice orienta- 
tion, the lattice distances of Pt3Co/KB and Pt/KB were 3.86 A and 
3.92 A, respectively. The smaller lattice distance of Pt3Co reflects the 
smaller atom size of Co compared with that of Pt'"-''. The Scherrer 
equation based on the (111) peak suggests the size of the crystalline 
domain of Pt3Co/KB to be around 2.2 nm, which is indeed very close 
to the NP sizes observed during the TEM characterization. Also, an 
inductively coupled plasma (ICP) analysis verifies the correct atomic 
ratio of the Pt3Co NPs (Pt : Co = 3 : 1). 

Battery performance and surface analyses of air cathodes. In order 
to assess the catalytic effect of Pt3Co NPs on the electrochemical 
performance of the catalyst-carbon composite electrode, coin-type 
cells were prepared by employing Li metal disks as the counter/ 
reference electrodes. 1 M lithium bis(trifluoromethanesulfonyl) 
imide (LiTFSI) dissolved in tetraethylene glycol dimethyl ether 
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(TEGDME) was used as the electrolyte because this electrolyte has 
been found to be more stable from superoxide attack and also 
generate Li202 as a major discharge product"'''^""* The potential 
range of most galvanostatic measurements was set to 2.0 ~ 4.5 V vs. 
Li/Li* because 4.5 V has been known to be effective in oxidizing the 
products formed during the discharge and thus increasing the 
reversibility in each cycle while irreversible anodic electrolyte 
decomposition does not take place to a serious leveP'. Our control 
experiment with the given electrolyte also indicates that severe 
electrolyte decomposition starts around 4.7 V (Supplementary Fig. 

53) , consistent with the values reported in literature'"'''". 

Figure 2a displays the first voltage profiles of the cells containing 
the air cathodes based on various catalysts: KB alone, KBs with a- 
Mn02, Pt, and PtsCo attached on the KB surfaces (denoted as KB, a- 
Mn02/KB, Pt/KB, PtjCo/KB). The Pt/KB was synthesized via the 
same hydrothermal process as the Pt3Co/KB except using only the Pt 
precursor. cx-Mn02 was also synthesized through a hydrothermal 
process, and showed nanorod morphology (Supplementary Fig. 

54) . See the Methods section for synthetic procedures of all of the 
cathode materials investigated herein. While all of these four samples 
showed almost same discharging profiles with characteristic plateaus 
at 2.7 V, they showed charging profiles with remarkably distinctive 
overpotentials. Notably, Pt3Co/KB exhibited far smaller charging 
overpotentials compared to those of the other control cases including 
Pt/KB. At the same current density of 100 mA g^'carbon. PtjCo/KB, 
Pt/KB, a-Mn02/KB, and KB showed 135, 635, 1150, and 1085 mV as 
charging overpotentials. In the present investigation, the charging 
overpotential is defined as the gap between observed charging poten- 
tial and thermodynamic potential at the point of 600 mAh g" 'carbon- 
All of these samples were also measured at higher current densities, 
and the corresponding profiles are presented in Figure 2b and 



Supplementary Fig. S5. As in the results at 100 mA g~'carbon> 
Pt3Co/KB exhibited substantially smaller charging overpotentials 
compared to those of the other controls in the entire range of the 
current density (Figure 2c), implying that the superior catalytic activ- 
ity of Pt3Co/KB holds true regardless of the current density applied. 
The higher overpotential of a-Mn02/KB compared to that of pure 
KB can be interpreted that the moderate electronic conductivity of oc- 
Mn02 increases the cell resistance, making the overall performance 
worse than that of the catalyst-free case. Such buried catalytic effect 
of a-Mn02 due to its limited conductivity was observed in other 
report^'. The superior catalytic effect of Pt3Co was further verified 
by galvanostatic intermittent titration technique (GITT) results 
(Figure 2d). While both Pt/KB and Pt3Co/KB showed equilibrium 
potentials near 2.96 V that is consistent with the thermodynamic 
value for the governing reaction (2Li^ -I- O2 + 2e" ^ 0202), the 
charging overpotential in each interval was clearly smaller for Pt3Co/ 
KB than for Pt/KB, reconfirming the improved catalytic effect of 
Pt3Co NPs toward OER kinetics. The control experiments testing 
CTAB alone (denoted as CTAB/KB, Supplementary Fig. S6) and 
Pt3Co in a closed cell configuration (oxygen not accessible) 
(Supplementary Fig. S7) exhibited no tangible side reactions, thus 
supporting that the observed different overpotentials are mainly 
from the catalytic effects involving oxygen (Supplementary Fig. S8 
for cyclic voltammograms (CVs) of the other samples). 

The reversibility of the cell containing the Pt3Co/KB air electrode 
was investigated using various analytical tools, and the following 
results are noteworthy. 

1. The Raman spectra obtained at different states of a full cycle are 
comparatively displayed in Figure 3a. When measured with a 
constant capacity of 1,000 mAh g~'carbon> the Raman spectrum 
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Figure 2 | (a) The first voltage profiles of the Li-02 batteries containing KB, a-Mn02/KB, Pt/KB, and PtsCo/KB as air cathode materials when measured at 
a current density of 200 mA g^'carbon- The dashed line indicates the thermodynamic potential of 2Li* -I- O2 + 2e" ±^ Li202. (b) The voltage profiles of 
Pt3Co/KB at different current densities in the voltage range of 2.0 ~ 4.5 V. (c) The summarized charge overpotentials (j/oer) of various catalysts at 
different current densities, (d) GITT data of the Pt/KB and Pt3Co/KB air electrodes. AU of the data in this figure were measured at a fixed capacity of 
1,000 mAh g-' ,,K<,„. 



SCIENTIFIC REPORTS | 4:4225 | DOI: 1 0. 1 038/srep04225 



3 



of Pt^Co/KB showed a newly appearing peak at 780 cm"' indi- 
cative of Li202 formation''"'. However, this peak disappeared upon 
charging, suggesting reversible nature of the given electrode. 

2. The Lils X-ray photoelectron spectroscopy (XPS) spectra are 
commensurate with the Raman results. When tested for the 
sample scanned at the same electrochemical condition, a Li202 
peak (54.7 eV) together with a minor Li2C03 peak (55.5 eV)was 
observed*^. The Li2C03 formation must originate from decom- 
position of the electrolyte and carbon'"'''''' ''^. 

3. Scanning electron microscopy (SEM) images were also obtained 
for KB and Pt3Co/KB to elucidate the morphological changes at 
the same three stages of a full cycle (Figure 3c and 
Supplementary Fig. S9). Pt3Co/KB showed amorphous Li202 
conformally coated along the surfaces of Pt3Co/KB NPs, whereas 
KB showed Li202 with distinctive morphology close to toroid. 
The amorphous character of Li202 on the Pt3Co/KB was verified 
by XRD characterization. Although, in the case of Pt3Co/KB, the 
formation of Li202 was confirmed by the Raman and XPS results 
after discharge, the Li202 peaks were not observed in the XRD 
spectrum, indicating a lower degree of Li202 crystallinity. 
However, in the case of KB, the peaks indicative of the crystalline 
11262 appeared at 32.9°, 35.0°, and 58.7° (Supplementary Fig. 
SIO)^'^. These results imply that the Pt3Co catalyst affects both 
morphology and crystallinity simultaneously toward increasing 
the reversibility in each cycle through increased contact area 
between Li202 and the catalyst. 

The cycle lives of all of the four samples were measured under a 
limited specific capacity of 1,000 mAhg"'^„i,on (Figure 4a). AUofthe 
capacities were calculated based on the mass of KB. First, as in the 
case of overpotential measurements, KB and cx-Mn02/KB exhibited 
almost the same cycling performance, indicating that the cx-Mn02 
catalyst is not effective in improving the cycle life^'. The consistent 



trend between these measurements, in turn, suggests that the 
increased overpotentials (or slow OER kinetics) are directly related 
to the inferior cycling performance, and efficient Li202 decomposi- 
tion is critical in both cycle life and kinetics. Again consistent with the 
overpotential results, Pt3Co/KB exhibited superior cycling perform- 
ance compared to that of Pt/KB as well as those of the other two 
controls. This improved cycling performance is also attributed to the 
further improved OER kinetics that facilitate more efficient decom- 
position of Li202, supporting the coherent view that accumulation of 
Li202 during cycling is one of the most critical origins for capacity 
fading due to its insulating character''*. In spite of superior OER 
kinetics of the catalyst (Figure 4b and Supplementary Fig. Sll), 
Pt3Co/KB still showed capacity fading after 35 cycles. The corrosion 
of Li anode from oxygen crossover''' could be a reason for this fading. 
However, this scenario is unlikely to be our case according to a 
control experiment where the Li metal run for the 35 cycles in 
Figure 4a exhibited robust cycling when retested in a fresh cell 
(Supplementary Fig. S12). Thus, in the current investigation, we paid 
our main attention to accumulation of the reaction products, which 
diminishes the catalytic activity and surface area of Pt3Co. 

To elucidate the catalyst contamination during the course of 
repeated cycles, the line-scanned elemental mapping on the catalysts 
was conducted using ED AX after the first and 30"" cycles (Figure 4c 
and d). The profiles clearly exhibited significantly increased carbon 
and oxygen content, which can be interpreted that unwanted decom- 
position products such as Li2C03 are successively accumulated over 
cycling, resulting in eventual capacity fading. Once again, the forma- 
tion of such products must originate as a combined outcome from 
decomposition of TEGDME by reaction with Li202 or KB especially 
at its defects"*''''' as well as corrosion of carbon supports''^. Besides the 
increased carbon content in the line profile, the increased side pro- 
ducts (such as Li2C03) were reflected in the increased overpotentials 
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Figure 3 | (a) Raman spectra, (b) Lils XPS spectra, and (c) SEM images of the KB and PtsCo/KB air electrodes at the pristine, first discharged, and first 
charged states. The galvanostatic scan rate and limited capacity conditions were 200 mA g" 'carbon and 1,000 mAh g" 'carbon, respectively. 
In (c), all of the SEM images were taken at the same magnification. 
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Figure 4 | (a) The cycling performances of tfie air electrodes based on various catalysts and carbon supports in the potential range of 2.0 ~ 4.5 V. 
(b) Voltage profiles of PtsCo/KB during the first five cycles, (a) and (b) were measured at a current density of 200 mA g^'carbon with a fixed capacity of 
1,000 mAh g" 'carbon- EDAX line mappings across the PtsCo catalyst after (c) the first and (d) 30* cycles with regard to carbon, oxygen, platinum, and 
cobalt. 



of the voltage profiles as well as Raman, FT-IR, and SEM results 
(Supplementary Fig. S13), and must play a critical role in the capacity 
fading during cycling. In addition, TEM images of Pt^Co/KB taken 
after 30 cycles (Supplementary Fig. S14) showed a similar density of 
PtaCo NPs to that in the pristine sample (Figure la and b) without 
noticeable agglomeration, suggesting that the composite structure is 
robust during cycling and capacity fading is mainly from accumula- 
tion of the reaction products. 

To improve the cycling performance even further by decreasing 
catalyst contamination, we replaced KB with carbon nanotubes 
(CNTs) as a catalyst support (denoted as Pt3Co/CNT) as displayed 
in the TEM images (Supplementary Fig. S15). In the cycling tests, as 
shown in Figure 4a, Pt3Co/KB exhibited a significant capacity fading 
around the 35"" cycle, whereas PtsCo/CNT showed much better 
capacity retention such as no capacity fading at all for 70 cycles 
(Supplementary Fig. S16 for the cycling performance of bare 
CNTs). Such substantially improved cycling performance can be 
explained by different carbon structures between both samples. In 
the case of Pt3Co/KB, the discharge and side reaction products are 
accumulated through large inner pores of KB or at its inevitable 
defects^'''*''. Furthermore, such accumulation could penetrate into 
the internal pores and inter-particle space of the KB particles"""''', 
accelerating isolation of the KB particles from the current collectors 
and other neighboring KB particles and thus impairing electronic/ 
ionic diffusion within the electrode film. By contrast, such problem 
would be much less significant for the CNTs that are interconnected 
through ID networks'" '"*. Furthermore, once properly treated, CNTs 
have been found to hold relatively cleaner surfaces compared to those 
of other carbons and are thus more suitable for preventing unwanted 
side reactions with electrolyte^'''''''. However, Pt3Co/CNT also showed 
capacity fading after 70 cycles, which is ascribed to degradation of 
both air-catalyst and Li metal. In the case of Li metal, phase trans- 



formation from Li (lithium color) to LiOH (white color) appears to 
play a role in such decay (Supplementary Fig. S17). The formation of 
LiOH has been found to originate from water content generated by 
ether-based electrolyte decomposition"* or dehydrofluorination of 
PVDF binder'"'. We have also performed a scan until reaching the 
maximum capacity of —5,600 mAh g^'carbon (Supplementary Fig. 
S18 for Pt3Co/KB and Supplementary Fig. 19 for the other electro- 
des). AU of the samples showed increased OER overpotentials com- 
pared to those of the aforementioned fixed capacity cases, again due 
to more accumulation of insulating discharge products on the air 
cathode surface. 

Discussion 

Theoretical investigation. To elucidate the influence of alloying Pt 
and Co on the improved electrochemical performance of Li-02 
batteries at the atomic level, we examined the adsorption of 
various lithium oxide intermediates on Pt and Co single-crystalline 
surfaces as well as their alloyed surface by means of first-principles 
calculations using DFT. Various adsorption configurations of LiJJ2 
{x = 1, 2, and 4) along with the relative energies are presented in the 
Supplementary Fig. S20. Our DFT calculations observed the 
decreased lattice constants (3.98 A 3.87 A) of Pt3Co upon Co 
incorporation, in a good agreement with the XRD results (Supple- 
mentary Fig. S2). While the overpotential of Li-02 battery is 
determined by various parameters such as electrochemical reac- 
tions at the catalyst surface, internal resistances within the cell, and 
reactant mass transport, we have paid attention to the adsorption 
strength because the charge transfer at the catalyst interface is the 
main parameter that gives rise to the distinctive catalytic activities 
among the systems investigated in the current study. Detailed 
computational procedures are described in the Methods section. 
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Figure 5a shows the energy diagram of ORR and OER on the 
Pt{ll 1) surface, which illustrates the 11^^02 {x = 1, 2, and 4) adsorp- 
tion/desorption steps along the ORR and OER pathways. The ener- 
gies of O2 and (Li^ + e~) in these diagrams are referenced to the DFT 
energies of the isolated O2 molecule and the Li bulk, respectively. 
Here, three elementary reaction steps were considered: i) Li + O2 

UO2, ii) Li02 + Li ^ Li202, and iii) Li202 + 2Li (Li20)2'"' 
The three reaction products adsorbed on the catalyst surfaces repres- 
ent the intermediates along the reaction coordinate, and the adsorp- 
tion strength of each intermediate product could give a clue on the 
experimentally observed distinct charging overpotentials. It is worth 
noting that Li02 + Li ^ Li202 and Li + O2 ^ Li02 are the ele- 
mentary reaction steps for determining f/oRR and ;Joer> respectively, 
in Figure 5. Thus, Li02 adsorption strength strongly correlates with 
the calculated charging (or OER) overpotentials (denoted as J/oer) for 
all the metal surfaces {vide infra) in a way that as the Li02 adsorption 
strength decreases, the catalytic activity of the metal surface increases. 
Based on this correlation, the catalytic activity turned out to increase 
in the order of Co(OOOl) < Pt(lll) < Pt3Co(lll) (Table 1). 



The Pt(lll) surface has a lower Li02 adsorption strength, 3.65 eV, 
than that (6.95 eV) of the Co(OOOl) surface, leading to the stronger 
catalytic activity and thus the smaller overpotentials of the pure Pt 
surface. By contrast, the pure Co surface exhibiting much larger 
overpotentials seems catalyticaUy inappropriate for the OER pro- 
cesses due to its strong Li02 adsorption (Figure 5b). As the 
Pauling electronegativity of Co (1.88) is lower than that of Pt 
(2.28), a large electron transfer from the Co surface atoms to Li02 
would increase the energy gain in comparison with the Pt surface 
atoms. These indicate that, in the case of the Pt3Co alloy, the surface 
Pt atoms are the active catalytic sites for the Li^02 {x = 1,2, and 4) 
adsorptions. It is worth noting that the Pt-skin Pt^Co (111) surface 
provides even lower (;oer by 0.49 V than that of the pure Pt surface, 
and its energy diagram and intermediate compounds are presented 
in Figure 5c (see the PtsCo structures in Supplementary Fig. S21). On 
the contrary, consistent with the experimental results, the /7orr dif- 
ference between the Pt3Co and Pt surfaces was not detected, which is 
attributed to the counterbalance between the adsorption strengths of 
Li02 and Li202, as shown in Supplementary Fig. S22. 



Table 1 | Calculated Udo Uq, Uo and overpotentials of Li-ORR and OER for Pt(l 1 1 ), PtaColl 1 1 ) and Co(0001 ) surfaces. The LiOz 
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6.95 
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T 1 1 /*\ 1 /~ 1 1 1 

Table 2 Calculated Qsurface/ 


QLi02/ and R 


In A) for Pt(l 1 1) 


Pt3Co(l 1 1) an 


d Co(OOOl) surfaces. The 


Eads(Li02) values (in eV) are 


included for comparison 














^Surface 


QLi02 


R 


"(Qsurface QLi02)/R 


EadslLiOz) 


Pt(111) 


0.777 


-0.797 


1.380 


0.449 


3.65 


Pt3C0(lll) 


0.479 


-0.790 


1.546 


0.245 


3.01 


Co(OOOI) 


1.100 


-1.043 


1.382 


0.830 


6.95 



To explain the positive role of Co elements in enhancing the 
catalytic reactivity of the Pt3Co surface compared to the pure Pt 
counterpart, we evaluated the electron distribution of Li02 (QLi02) 
and top-layer surface (Qsurface) using the Bader charge analysis^^, and 
the bonding distances R between the surfaces and Li02. Note that 
Li02 adsorption strength and QsurfaceQLi02/^ ^re proportional to 
each other (Table 2), indicating that the electrostatic interaction 
between Li02 and the top-layer of the metal surface is a crucial factor 
for the catalytic activity of the given metal surfaces. The top-layer Pt 
atoms in PtsCo are less positively charged, Pt 0.78 PtsCo 0.48, 
upon Li02 adsorption due to the electron transfer from the Co atoms 
in the second layer, resulting in the weak electrostatic interactions 
with Li02, which provides a clue for the experimentally observed 
smaller f/oER values of these surfaces than the pure Pt surface. 

In summary, utilizing the superior catalytic activity of highly dis- 
persed Pt3Co NPs, Pt3Co/KB exhibited substantially smaller char- 
ging overpotentials compared to other catalysts considered in 
operations of Li-02 batteries. The enhanced catalytic activity of 
Pt3Co/KB facilitates more efficient decomposition of the discharging 
reaction products represented by Li202, which was reflected in the 
ultra-low charging overpotentials. Such low overpotentials are 
directly related to the increased round-trip efficiency and the 
improved cycle life. The increased reversibility of the Li-02 battery, 
once again, a direct outcome of the enhanced catalytic effect of Pt3Co 
and the conformal morphology of amorphous Li202, was also con- 
firmed by the results in both spectroscopic and electron microscope 
analyses. A theoretical investigation suggested that f/oRR and /^oer 
are determined by the elementary reaction steps Li02 + Li ^ Li202 
and Li + O2 ^ Li02, respectively. Thus, Li02 adsorption strength 
strongly correlates with the calculated charging overpotentials for all 
the metal surfaces in a way that as the Li02 adsorption strength 
decreases, the catalytic activity of the metal surface increases. The 
present investigation delivers an important message that the sluggish 
charging kinetics that causes unsatisfactory performances in various 
electrochemical aspects in Li-02 battery operations can be overcome 
by understanding key elementary reactions and surface charge 
engineering of catalysts that tunes the interactions with the problem- 
atic intermediate reaction products. 

Methods 

Preparation of catalyst-loaded KB carbon. CTAB-functionalized KB was prepared 
by adding 1 g of CTAB (Aldrich, USA) into a solution wliere 8 mg of KB (EC600JD, 
AkzoNobel, Netiierlands) was dispersed in 60 mL etliylene glycol (EG, Junsei, Japan). 
EG functions as both a reducing and dispersing agent^*. The mixture was dispersed by 
sonication for 30 min and then refluxed for 2 h at room temperature. Next, the pH of 
the solution was adjusted to 13 by adding 1 g of sodium hydroxide (NaOH, Aldrich, 
USA) as a reducing agent. In order to synthesize the Pt3Co-loaded KB with 40 wt% 
loading, the calculated amount of Pt precursor {K2PtCl4, Aldrich, USA) and Co 
precursor (Co(N03)2'6H20, Aldrich, USA) dispersed in DI water was added into the 
KB solution, and the solution was refluxed at 150"C for 6 h to reduce the both 
precursors. After the reduction reaction was completed, the solution was filtered by 
centrifugation at 9000 rpm for 20 min, which was repeated 5 times. The final product 
was dried in a vacuum oven at 25'^C overnight, and CTAB-functionalized 40 wt% 
PtsCo-loaded KB (PtiCo/KB) was then obtained. Pt/KB as a control sample was 
synthesized based on the same procedure but the Co precursor was not added. Pt^Co/ 
CNT was also synthesized based on the same procedure except for replacing KB with 
CNTs (CNT Co., Ltd., Korea) for catalyst supports. The CTAB-free PtjCo/KB for 
TEM analysis was also synthesized as another control sample based on the same 
procedure but without addition of CTAB. In addition, a-Mn02 was synthesized 
through a hydrothermal process at 160"Cfor 12 h starting from an aqueous precursor 
solution containing 2 M KMn04 and 3 M MnS04-H20 as reported previously^^. 



Li-02 battery assembly and electrochemical tests. For preparation of the air 
electrodes, catalysts-loaded KB samples were dispersed uniformly with 
poly(vinylidene fluoride) (PVDF, Aldrich, USA) binder in a weight ratio of 8 : 2 in N- 
methyl-2-pyrrolidone (NMP, Aldrich, USA), and the slurries were then cast onto gas 
diffusion layers (GDL, TGPH-090 carbon paper, Torray, Japan) serving as current 
collectors. The carbon loading density of the used carbon paper was 0.6 mgcarbon 
cm~^. For the KB and a-Mn02/KB electrodes, the electrodes were prepared by the 
same procedure but the weight ratios were KB/PVDF ^ 80 : 20 and KB/o(-Mn02/ 
PVDF — 48 : 32 : 20, respectively. After the casting, the air electrodes were dried at 
70"C for 12 h under vacuum to remove residual solvent. 

The electrochemical tests of Li-02 batteries were carried out using 2032-type coin 
cells whose top covers have 20 holes with diameters of 1 mm to facilitate sufficient 
oxygen flow (Supplementary Fig. S23). Each cell was composed of Li foil anode 
(thickness — 600 |j.m, Honjo, Japan), the air electrode, and a glass fiber membrane 
(GF/D, Whatman, USA). The electrolyte was prepared by dissolving 1 M LiTFSI 
(Aldrich, USA) in TEGDME (Aldrich, USA). The Li-02 batteries were electroche- 
mically tested under CV and galvanostatic modes using a WBCS 3000 battery cycler 
(WonAtech, Korea). CV was conducted at a scan rate of 0.1 mV s~^ in the range of 2.0 
to 4.5 V vs. Li/Li"^. The galvanostatic charge/discharge tests were carried out at 
current densities of 100, 200, 400, 500, and 700 mA g" 'carbon- GITT tests were per- 
formed at a current density of 20 mA g~ ^carbon for charging processes. For these tests, 
a 3 h rest step was given after 2 h of each charging step. Before the charging processes, 
the samples underwent discharging processes at 200 mA g~ 'carbon- The cycling per- 
formance of rebuilt cell consisted of used Li metal anode after 35 cycles. All of the 
electrochemical tests were conducted under 1 atm of pure O2 (99.999%) in an oxygen 
chamber. 

Characterization of air cathodes. The morphologies and crystal structures of PtsCo/ 
KB and PtsCo/CNT were characterized using field emission TEM (Tecnai FE-TEM, 
FEI, USA) and FFT pattern, respectively. The elemental analyses and mapping of the 
samples were conducted using an ED AX. In order to identify the atomic ratio of Pt/Co 
and the weight portion of the catalyst in Pt^Co/KB, ICP (Spectro, Germany) and 
thermogravimetric analyses (TGA, Netzsch, Germany) were performed, respectively. 
During the TGA analyses, the heating rate was 10 C min"' under an air flow 
(Supplementary Fig. S24). 

For analyses of the air electrodes after cycling, the cells were disassembled in an Ar 
filled glove box, and the air electrodes were washed with acetonitrile (CH3CN, 
Aldrich, USA) and dried. XRD patterns of PtjCo/KB at different states of battery 
cycling and Li metal at different cycle numbers were attained using an X-ray dif- 
fractometer (micro XRD, Rigaku, Japan) with Cu K^ {X — 0.15406 nm). In order to 
avoid any air and moisture exposure during the XRD characterization, we tightly 
covered the Li metal with imide tape in a glovebox. Field emission SEM (Sirion FE- 
SEM, FEI, USA) was employed to investigate the morphologies of Pt^Co/KB at 
different states of battery cycling. The chemical compositions and bonding charac- 
teristics of the air electrodes were analyzed using a high -resolution dispersive Raman 
microscope (Dispersive- Raman, Horiba Jobin Yvon, France) and Fourier transform 
infrared spectroscopy (FT-IR, Bruker, USA). The chemical compositions of the air 
cathodes were analyzed by XPS (Sigma probe, Thermo VG scientific, England) with a 
Mg Kc( line as X-ray source. For aU characterizations, the moisture and air contam- 
ination were avoided by using airtight box during a sample transfer. 

Computational details. First-principles calculations were performed using the DFT 
with the projector augmented wave pseudopotentials as implemented in the Vienna 
ab initio simulation package (VASP)^^'^^. The electron exchange -correlation was 
treated within the spin -polarized generalized gradient approximation of the 
Perdew— Burke — Ernzerhof type^^. The cutoff energy for the plane wave-basis 
expansion was chosen to be 400 eV and the atomic relaxation was continued until 
Helmann— Feynman forces acting on atoms were less than 0.02 eV A"\ Pt and PtsCo 
have the fee crystal structures and their lattice constants obtained by DFT calculation 
were 3.97 A and 3.87 A, respectively, which are in good agreement with the XRD data 
(Supplementary Fig. S2). Hexagonal close-backed (hep) Co was calculated to have 
lattice constants a — 2.43 A and c — 3.96 A. The surfaces of Pt and PtsCo were all 
modeled by the thermodynamically most stable (111) facets with (4 X 4) and (2 X 2) 
surface unit cells, respectively, and the surface of hep crystal Co was modeled by 
(0001) facet with (2 X 2) surface unit cells. All the surfaces were simulated with the 
slabs of four atomic layers separated by vacuum of 13 A and the bottommost layers 
were fixed to maintain their bulk atomic distances during the structure relaxation. 
The BriUouin zone was sampled using F-centered 3X3X1 k-point mesh and the 
electronic states were smeared using the Methfessel — Paxton scheme with a 
broadening width of 0.1 eV. Adsorption/desorption of Li^02 {x — 1, 2, and 4) clusters 
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on the Pt, Co, and PtsCo alloy surfaces were calculated as the intermediates of ORR 
and OER processes as addressed in the liter ature^^'^*'. 

The overpotentials (;/) of ORR and OER were calculated as j/orr ~ Uq ~ ^dc ^^nd 
'/oER ~ Uc — Uq, where Uq, U^c, and Uc are equilibrium, discharging, and charging 
potentials, respectively. U^c is the highest potential for which discharge is energet- 
ically downhill for all steps and is the lowest potential where charging is ener- 
getically downhill for all steps. Such calculation procedure of ^ in theory was 
employed in the literature^^. 

Pt^Co structure. Experimental and theoretical studies have shown that Pt atoms 
segregate on the surface of Pt^Co alloy by annealing and this enrichment of Pt is 
counterbalanced by depletion of Pt in the subsurface layer, resulting in the Co- 
compensated layer beneath the Pt-rich surface and this structure has been termed 
'Pt-skin'^^'^**. For Pt3Co{lll) surface, we considered the Pt-skin structure, where Pt 
atoms segregate to the topmost surface layer and the sub-surface layer is enriched by 
Co atoms, and this Pt-skin Pt3Co(lll) surface was more stable than the Co-exposed 
pristine Pt3Co(lll) surface with the energy of 0.53 eV per Pt^Co surface unit cell. 
Top views of the pristine Pt3Co(lll) surface and Pt-skin Pt3Co(lll) surface are 
displayed in Supplementary Fig. 82 1 . 
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